ABSTRACT
Results: Of the 3,323 comparisons performed, 260 (8%) showed discrepancies (± ≥10%
Oxygen saturation (sO 2 ) is a routine yet essential indicator of respiratory status, monitored in both inpatient and outpatient settings and during surgical procedures. sO 2 is also used to calculate derived parameters of cardiac and respiratory status, such as global oxygen demand and consumption and Fick's cardiac output, which are used to direct patient care. Multiple methods are used to quantify sO 2 , including CO-oximetry, pulse oximetry, and calculations based on other measured blood parameters. While CO-oximetry is recognized as the gold-standard method, pulse oximetry and calculated sO 2 enable point-of-care (POC) testing and so are widely used. The limitations of these methods relative to CO-oximetry have been the subject of multiple previous studies, and common pitfalls associated with their inappropriate application are known. [1] [2] [3] [4] [5] [6] [7] [8] For example, pulse oximetry has been shown to underestimate high sO 2 and overestimate low sO 2 in the presence of methemoglobin, 3 while calculated sO 2 has been shown under some conditions to contribute significant error to derived parameters such as global oxygen consumption. [4] [5] [6] [7] sO 2 calculations employ mathematical models based on average physiologic parameters to relate measured blood parameters (ie, pH, pCO 2 , and pO 2 ) to sO 2 . Accordingly, deviations of a particular patient's physiologic state from average would be expected to introduce errors into the sO 2 calculation. Discrepancies between calculated sO 2 and directly measured sO 2 (CO-oximetry) have been reported previously, although these studies employed instruments that used different mathematical models from those used in the POC instrument considered here (Abbott i-STAT; Abbott POC, Princeton, NJ). 4, 6, 8 In routine clinical practice, the accuracy of calculated sO 2 is not questioned despite discrepancies identified in previous technologies.
The present study evolved from a concern with the accuracy of calculated sO 2 values in general, motivated by a case in our hospital. Our goal was to determine whether a POC instrument commonly used to monitor sO 2 showed decreasing accuracy with decreasing pO 2 , even in the absence of dysfunctional hemoglobin.
Materials and Methods
We identified 3,323 sO 2 values that were determined during normal clinical care for 1,180 patients using a CO-oximeter (ABL 800 Flex blood gas analyzer; Radiometer, Copenhagen, Denmark) and an indirect POC method (Abbott i-STAT; Abbott POC). Cases in which calculated sO 2 differed from measured sO 2 by greater than or equal to 10% were classified as discrepant and analyzed. The i-STAT employs single-use cartridges that perform direct potentiometry to measure pH and pCO 2 and amperometry to measure pO 2 . Bicarbonate concentration is calculated from pH and pCO 2 using the Henderson-Hasselbach equation, and sO 2 is finally calculated from pH, bicarbonate, and pO 2 values using equation (1), a modified form of the Severinghaus equation. We accessed archived CO-oximeter instrument records containing measured sO 2 values as well as pH, bicarbonate, and pO 2 values from the same patient. Equation (1) was used to calculate the sO 2 that would be reported by an i-STAT given the pH, bicarbonate, and pO 2 values measured by the CO-oximeter. We then calculated the percent difference between CO-oximeter-measured sO 2 and the calculated sO 2 (ie, [measured sO 2 -calculated sO 2 ]/measured sO 2 ) to assess the expected level of agreement between the CO-oximeter blood gas analyzer and the i-STAT. Cases in which calculated sO 2 differed from measured sO 2 by greater than or equal to 10% were classified as discrepant. The i-STAT adjusts measured pO 2 , pCO 2 , and pH values, which are temperature dependent, for the effect of differences between body and measurement temperatures using equations (2) to (4) 
We adjusted ABL-measured pO 2 , pCO 2 , and pH values using equations (2) to (4) in a subset of cases for which patient body temperature records were available. We then calculated sO 2 using both the adjusted and unadjusted values.
Results
In our case, a patient undergoing right heart catheterization was noted to be severely hypoxic by CO-oximetry, prompting the physician to check this measurement against a second value measured using POC sO 2 testing. A significant discrepancy was noted between POC (ie, calculated) and CO-oximetry measurements, prompting further investigation into the agreement between calculated and directly measured sO 2 values in general. sO 2 was measured at two timepoints during a right heart catheterization procedure using both the CO-oximeter and the POC method. ❚Table 1❚ shows that sO 2 values obtained using the i-STAT during the right heart catheterization procedure were approximately 1.5 times greater than those obtained using the CO-oximeter. To investigate the source of this discrepancy, we compared measured and calculated sO 2 values from 1,180 patients. As shown in ❚Figure 1❚, the frequency of discrepancies between measured and calculated values increased with decreasing pO 2 .
Our analysis assumed that the CO-oximeter and i-STAT would report similar pH, bicarbonate, and pO 2 values from a given blood specimen. We tested this assumption using the catheterization case described above, since CO-oximeter and i-STAT measurements were made on the same patient at approximately the same time (within 5 minutes). Using CO-oximeter-measured pH, bicarbonate, and pO 2 values, we calculated (using equation (1)) that an i-STAT measuring equivalent parameters would report an sO 2 an sO 2 of 55% and slightly lower and higher bicarbonate and pO 2 values, respectively, than the CO-oximeter. Both our calculated sO 2 and the sO 2 reported by the i-STAT would be classified as discrepant in our analysis, since they differ by more than 10% from the ABL-measured sO 2 value of 37%. This analysis demonstrated that our use of CO-oximeter-derived parameters in the i-STAT's sO 2 calculation was reasonable and that the percent differences between measured and calculated sO 2 , as shown in Figure 1 , are reflective of expected differences between CO-oximeter and i-STAT measurements. We also determined whether differences between patient body temperature and the temperature at which the measurement was made contributed to the observed differences between measured and calculated sO 2 . The i-STAT corrects for the effect of such temperature differences on measured pO 2 , pCO 2 , and pH using equations (2) to (4). In 29 cases for which patient body temperature was known, the difference between sO 2 values calculated with and without temperature-corrected parameters was between 0% and 7.9% (median, 2.5%). The difference between temperature-corrected and uncorrected sO 2 was significantly less than the difference between measured and calculated sO 2 in each case. From our 1,180 patients, approximately 60% were male. Venous, arterial, and cord blood samples respectively comprised 79%, 15%, and 6% of the 3,323 comparison samples. Fifty-two cases, in which pO 2 was reported as less than 20 mm Hg (ie, below the limit of quantitation), were excluded from our analysis. A total of 260 (8%) calculated sO 2 values were 10% or more different from their measured value. Overestimation and underestimation of calculated sO 2 by 10% or more, compared with the measured value, occurred with approximately equal frequency (53% and 47%, respectively). Ninety-four percent of discrepant measurements (245 of 260) occurred when pO 2 was less than 50 mm Hg. Discrepant measurements represented 27% of the total number of measurements with a pO 2 below 50 mm Hg.
We also compared measured and calculated sO 2 values as a function of pH and HCO 3 -concentration. We observed that pH and bicarbonate concentration were not good independent predictors of discrepancies. ❚Figure 2❚ shows that when the percent difference between measured and calculated sO 2 was plotted as a function of either pH or bicarbonate concentration, discrepant cases were noted across a wide range of values rather than weighted toward particular values as in the case of pO 2 .
To further assess the role of pH and bicarbonate concentration, we show the frequency distribution of pH and bicarbonate values in discrepant vs nondiscrepant cases in Supplemental Figures 1A and 1B (all supplemental materials can be found at American Journal of Clinical Pathology online). Both pH and bicarbonate distributions shifted to lower values in discrepant vs nondiscrepant cases. The frequency of pH 7.4 or less in discrepant cases was 16% higher than in nondiscrepant cases, while the frequency of bicarbonate 25 mEq/L or less was 3% higher in discrepant than in nondiscrepant cases.
Discussion
Our observations suggest that the sO 2 calculation employed by the i-STAT increasingly deviates from values measured using CO-oximetry with decreasing pO 2 . First, we observed that pH and bicarbonate concentrations were not good independent predictors of discrepancies but that deviations from physiologic normal (toward lower values) were more common in discrepant than in nondiscrepant cases. Second, we assessed the possibility that CO-oximetry-measured pO 2 , pCO 2 , or pH values were less accurate than those that would have been measured by an i-STAT due to differences between patient body temperature and the temperature at which the measurement was made. Our calculations indicated that the discrepancy between measured and calculated sO 2 could not be accounted for by the effect of body temperature in any of the 29 discrepant cases we analyzed in detail.
❚Figure 1❚ Agreement (expressed as percent difference) between measured and calculated sO 2 values as a function of pO 2 . Cases with percent difference 10% or more (lying above the top red line or below the bottom red line) were defined as discrepant. Four data points have been excluded from the plot for clarity (ie, to avoid expanding the y-axis range). Excluded values have pO 2 and percent difference values of 28 mm Hg and -53%, 24 mm Hg and -63%, 106 mm Hg and -80%, and 64 mm Hg and -168%.
Precedent work provides additional evidence that sO 2 calculations can deviate from measured values under some conditions. First, Porath et al 10 observed discrepancies between sO 2 measured using CO-oximeters (ABL 625 and 700) and calculated using an i-STAT in hypoxic fetal cord blood, where pO 2 was set to 10 or 20 mm Hg by tonometry. i-STAT-measured values were consistently lower than values measured by CO-oximetry. In contrast, our study observed that calculated values could be either higher or lower than measured values, with similar frequency. Second, Woda et al 4 reported in 21 critically ill patients that sO 2 calculated using a different equation than that employed by the Abbott i-STAT deviated increasingly from sO 2 measured by CO-oximetry as pO 2 decreased. This study also highlighted the potential for error magnification when calculated sO 2 is subsequently used to derive values such as global oxygen consumption. The Clinical Laboratory Standards Institute (CLSI) guidelines address this issue of error magnification by cautioning that use of calculated sO 2 values in further calculations, such as shunt fraction, can lead to clinically significant errors. 11 The Abbott i-STAT product manual acknowledges the limitation cited by CLSI by stating that calculated sO 2 can differ significantly from directly measured sO 2 but does not report a systematic error in sO 2 calculations at low pO 2 .
We postulate that the decreasing accuracy of calculated sO 2 values with decreasing pO 2 , particularly below 50 mm Hg, is a consequence of the steepness of the O 2 -hemoglobin dissociation curve below 50 mm Hg as well as interindividual variability in hemoglobin-O 2 dissociation. sO 2 calculations assume normal hemoglobin-O 2 dissociation behavior, while deviations from normal in individual patients may introduce error that increases at low pO 2 , where the slope of the O 2 -hemoglobin dissociation curve is steepest and most sensitive to analytical variability or systematic errors in pO 2 measurement. A study by Gøthgen et al 12 supports this analysis. They observed that interindividual physiologic variability in the hemoglobin-O 2 dissociation curve in arterial blood samples led to significant variation in measured sO 2 at a given pO 2 (ie, sO 2 range of 70%-99% when pO 2 was 60 mm Hg).
Our observations suggest that sO 2 calculations made by the i-STAT increasingly deviate from sO 2 measured by CO-oximetry as pO 2 decreases, a trend that becomes particularly pronounced below 50 mm Hg. This finding is most relevant to clinicians who treat critically ill patients and rely on POC testing to monitor sO 2 . As a result of this investigation, our laboratory has advised all providers to retest by CO-oximetry any sO 2 value measured by the i-STAT that does not seem consistent with the clinical picture. While POC sO 2 tests provide faster turnaround times than samples sent to a core laboratory, this must be weighed against their reduced accuracy when pO 2 easily corrected on the fly in a clinical setting, since deviations from measured values occur with approximately equal frequency in the positive and negative directions. In settings where inaccuracies in sO 2 calculations may have significant consequences on patient care, direct measurements of sO 2 by CO-oximetry should be used.
In conclusion, (a) decreases in pO 2 below the physiologic normal contributed most to inaccuracies in i-STAT sO 2 calculations, with lower contributions from decreases in pH and bicarbonate, and (b) patient temperature deviations did not contribute significantly to the observed discrepancy between measured and calculated sO 2 . Our observations have significant implications for patient care, given that POC instruments employing sO 2 calculations are routinely used to make clinical decisions without comparison to directly measured sO 2 values.
